Background: Although previous studies demonstrated that microcatheter-derived fractional flow reserve (mc-FFR) tends to overestimate lesion severity compared to pressure wire-derived FFR (pw-FFR), the clinical utility of mc-FFR remains obscure. The extent of differences between the two FFR systems and its relation to a lesion-specific parameter remain unknown. In this study, we sought to compare mc-FFR with pw-FFR and determine the lower and upper mc-FFR cut-offs predicting ischemic and nonischemic stenosis, using an ischemic and a clinical FFR threshold of 0.75 and 0.80 as references, respectively. We further explored optical coherence tomography (OCT) parameters influencing the difference in FFR between the two systems. Methods and results: In this study, 44 target vessels with intermediate de novo coronary artery lesion in 36 patients with stable ischemic heart disease were evaluated with mc-FFR, pw-FFR and OCT. Bland-Altman plots for mc-FFR versus pw-FFR showed a bias of À0.04 for lower mc-FFR values compared to pw-FFR values. The mc-FFR cut-off values of 0.73 and 0.79 corresponded to the 0.75 ischemic pw-FFR and 0.80 clinical pw-FFR thresholds with high predictive values, respectively. The differences in the two FFR measurements (pw-FFR minus mc-FFR) were negatively correlated with OCT-derived minimum lumen area (MLA) (R = À0.359, p = 0.011). The OCT-derived MLA of 1.36 mm 2 was a cut-off value for predicting the clinically significant difference between the two FFR measurements defined as >0.03. Conclusion: Mc-FFR is clinically useful when the specific cut-offs are applied. An OCT-derived MLA accounts for the clinically significant difference in FFR between the two systems.
Introduction
Fractional flow reserve (FFR) is the mainstay of functional hemodynamic assessment of coronary artery lesions, guiding decisions in percutaneous coronary interventions (PCI) . Recently, a rapid exchange monorail FFR microcatheter using fiber-optic sensor technology (Navvus TM ; ACIST Medical Systems, Inc., Eden Prairie, MN) has been developed. The microcatheter system allows easier lesion negotiation with a coronary guidewire, maintaining guidewire position throughout the procedure and repeated measurements with less signal drift. Despite the potential advantages of the microcatheter FFR system, previous studies consistently demonstrated that microcatheter-derived FFR (mc-FFR) using an elliptically-shaped catheter comparable to a 0.022-inch diameter tends to overestimate lesion severity compared to pressure wirederived FFR (pw-FFR) using a 0.014-inch wire [1] [2] [3] [4] [5] . A minimal difference between the FFR measurements closely around the cut-off point could lead to the different treatment decision when a cut-off FFR value is interpreted as a strict dichotomous value. Therefore, the utility of mc-FFR in clinical practice remains obscure due to a relatively wide limits of agreement between mc-FFR and pw-FFR https://doi.org/10.1016/j.ijcha.2020.100500 2352-9067/Ó 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). [1] [2] [3] [4] [5] . In this study, we sought to compare mc-FFR with pw-FFR and further evaluate the diagnostic performance of mc-FFR and determine the lower and upper mc-FFR thresholds predicting ischemic and non-ischemic stenosis, using an ischemic FFR threshold of 0.75 and a clinical FFR threshold of 0.80 as references, respectively. Then, we explored lesion-specific parameters influencing the difference in FFR between the two systems using optical coherence tomography (OCT).
Methods

Study design and patients
This study was a prospective single-center cohort study conducted in Wakayama Medical University Hospital between July 2015 and May 2017. Patients with suspected stable coronary artery disease [6] were eligible for inclusion if they had at least one intermediate de novo coronary artery lesion with 40 to 70% stenosis and reference diameter !2.25 mm assessed by visual estimation. The patients were excluded if they had prior coronary bypass surgery, left ventricular ejection fraction <30%, left ventricular hypertrophy, severe valvular heart disease, occluded coronary artery in any coronary artery, or contraindications to adenosine triphosphate. Left main coronary artery stenosis, prior treated arteries, extremely tortuous coronary arteries, or tandem lesions were excluded from this study. The study protocol was approved by the institutional review board, and all participants provided written informed consent. The study is registered on UMIN under the identifier UMIN000018618.
FFR measurements
After routine coronary angiography and the administration of therapeutic anticoagulation and intracoronary isosorbide dinitrate, FFR measurements were performed with both pressure wire and microcatheter system. First, a pw-FFR was measured using a 0.014-inch pressure sensor-tipped wire (Abbott Vascular Inc, Santa Clara, California). The pressure wire was positioned with the sensor in the distal third of the target artery and the location of the pressure sensor was documented by angiography. Subsequently, an mc-FFR was measured using a microcatheter FFR system (Nav-vusTM; ACIST Medical Systems) and its dedicated console (Rxi system; ACIST Medical Systems). Following advancement of a 0.014inch conventional guide wire beyond the stenosis, the monorail microcatheter was inserted over the guidewire and the optical pressure sensor was positioned at the exact measurement site as the pw-FFR sensor recorded on angiography. Both pw-FFR and mc-FFR measurements were subjected to initial equalization and performed during administration of intravenous adenosine triphosphate 150 mg/kg/min for at least 3 min. An FFR was automatically calculated as the ratio of mean coronary blood pressure distal to the stenosis and mean aortic pressure at the time of the induced maximal hyperemia. At the completion of the measurement, the pressure wire or microcatheter was pulled back to the catheter tip to check signal drift defined as distal coronary artery pressure/aortic pressure <0.97 or >1.03 [7] . When a signal drift was detected, the measurements were repeated all over again. In this study, a pw-FFR value of 0.75 was considered as the ischemic threshold and a pw-FFR of 0.80 as the clinical threshold as references, respectively.
OCT image acquisition and analysis
An OCT imaging in a target vessel was performed with the ILU-MIEN System with a Dragonfly OCT catheter (Abbott Vascular, Inc).
After the catheter was placed distally in the target vessel, the pullback was initiated automatically by automatic injection of contrast. Pullback speed was 20 mm/s and the total pullback distance of the system was 55 mm. The offline OCT analyses were performed using proprietary software (Abbott Vascular, Inc). Minimum lumen area (MLA), reference lumen area, and lesion length were measured.
Quantitative coronary angiography
Quantitative Coronary Angiography was performed offline by an experienced interventional cardiologist blinded to the FFR and OCT results using Cardiovascular Angiography Analysis System (CAAS; Version 7.3, Pie Medical Imaging, Maastricht, The Netherlands). Reference segment and percent diameter stenosis were measured in end-diastole in the projection where maximal narrowing was observed. Reference vessel diameter was defined as the mean of diameters within the 5-mm proximal and distal non-affected segments.
Statistical analysis
Quantitative variables were expressed as mean ± standard deviation or median (interquartile range), as appropriate. Categorical variables are described as number (percentage). FFR values between the two systems were compared with a paired t test. Bland-Altman analysis with 95% limits of agreement (mean difference ± 1.96 SDs) was performed to assess agreement between the FFR measurement methods.
The diagnostic performance of mc-FFR was evaluated for a 0.75 ischemic pw-FFR threshold and a 0.80 clinical pw-FFR threshold, respectively. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) between pw-FFR and mc-FFR as well as area under the receiver-operating characteristic (ROC) curves were calculated for the two different pw-FFR cut-offs.
The correlation between variables including OCT parameters and the difference in the two FFR measurements were evaluated by using Spearman's rank correlation analysis. ROC curve analysis was performed to determine the cut-off values of OCT and FFR parameters predicting a clinically significant difference between mc-FFR and pw-FFR (defined as > 0.03). Values of p < 0.05 were considered statistically significant. All statistical analyses were performed with JMP Pro Version 13.0.0 (SAS Institute Inc, Cary, North Carolina).
Results
Patients and lesions
The patient and lesion characteristics are listed in Tables 1 and  2 . The mean reference vessel diameter and diameter stenosis were 2.69 ± 0.49 mm and 58 ± 14%, respectively.
Comparison of mc-FFR with pw-FFR
While there was a strong correlation between mc-FFR and pw-FFR (Pearson's correlation coefficient = 0.920, p < 0.001), mc-FFR value was significantly lower than pw-FFR value (0.74 ± 0.13 vs. 0.78 ± 0.11; p < 0.001). Bland-Altman plots for mc-FFR versus pw-FFR showed a bias of À0.04 (limits of agreement: À0.14 to 0.06) for lower mc-FFR values compared to pw-FFR value (Fig. 1) .
Diagnostic performance of mc-FFR
The mc-FFR cut-off value for a 0.75 ischemic pw-FFR threshold was 0.73 with PPV of 95%. Likewise, the mc-FFR cut-off value for a 0.80 clinical FFR threshold are 0.79 with NPV of 94% (Fig. 2) . There was neither lesion with an mc-FFR <0.75 and a pw-FFR >0.80, nor lesion with an mc-FFR >0.80 and a pw-FFR <0.75, indicating no clinically significant discordance between pw-FFR and mc-FFR.
Clinically significant difference between the two FFR measurements
The differences in the two FFR measurements (pw-FFR minus mc-FFR) were significantly correlated with OCT-derived MLA (R = À0.359, p = 0.011), lesion length (R = 0.07, p = 0.042), and mc-FFR value (R = À0.603, p < 0.001), but not with OCT-derived reference lumen area (p = 0.074), % area stenosis (p = 0.465), or angiography-derived parameters including reference diameter (p = 0.355), minimum lumen diameter (p = 0.229), and % diameter stenosis (p = 0.314). In the ROC curve analyses, OCT-derived MLA of 1.36 mm 2 was a cut-off value for predicting a clinically significant difference between the two FFR measurements (defined as the difference in FFR > 0.03) ( Supplementary Fig. 1 ), which was below the OCT-derived MLA cut-off point of 1.72 mm 2 for a 0.75 ischemic pw-FFR threshold ( Supplementary Fig. 2 ). Likewise, mc-FFR of 0.70 was a physiological counterpart predicting for a clinically significant difference in the two FFR measurements ( Supplementary Fig. 1 ).
Discussion
In this study, a significant correlation was found between mc-FFR and pw-FFR. The values obtained by mc-FFR fell short of those obtained by pw-FFR by an average of 0.04. The mc-FFR cut-off values of 0.73 and 0.79 corresponded to the 0.75 ischemic pw-FFR and the 0.80 clinical pw-FFR thresholds with high predictive values, respectively. The differences in the two FFR measurements (pw-FFR minus mc-FFR) were negatively correlated with OCT-derived MLA and mc-FFR value. When an OCT-derived MLA was less than 1.36 mm 2 , the FFR values between the two systems significantly diverged.
Diagnostic performance of mc-FFR and clinical decision-making
Based on diagnostic accuracy assessment, revascularization based on mc-FFR 0.73 or deferral based on mc-FFR !0.79 is justified with >90% of predictive value according to the 0.75 ischemic or the 0.80 clinical pw-FFR thresholds (Fig. 2 ). An mc-FFR between 0.74 and 0.78 is considered as 'gray-zone' and revascular- ization decisions need to be made based on a comprehensive evaluation including symptoms, anatomical features, other stress tests, and risk-benefit profile.
In previous reports, the mc-FFR-based decision-making according to a dichotomous cutoff value of 0.80 leads to inappropriate indication of coronary revascularization with pw-FFR in 19 to 23% of the lesions [4, 5] . On the other hand, in the ACCESS-NZ trial [1] , where a more lenient decision criterion was taken, no cases showed discordant lesion classification at the 0.80 cut-off value between mc-FFR and pw-FFR within measurement variability of pressure wire (±0.045). A multicenter trial of the ACIST-FFR Study [3] found that 3% of cases showed clinically meaningful diagnostic discordance with the pw-FFR >0.80 and mc-FFR <0.75.
Predictors for the differences between mc-FFR and pw-FFR
The ACIST-FFR study [3] demonstrated reference vessel diameter, lesion length and a physiological parameter of mc-FFR as predictors for the difference in FFR between mc-FFR and pw-FFR. Pouillot et al. [4] also identified a reference vessel diameter as a predictor for the difference. Ali et al. [5] identified angiographic parameters of distal reference vessel diameter and lesion length as independent predictors for the difference in multivariable analysis. The discordant findings among the above studies may be explained by differences in sample size, patient and lesion characteristics among studies, and, in particular, angiographic coronary lesion assessment with significant interobserver variability [8] . With using OCT parameters appropriate for geometric assessment with low interobserver variability [9] , we demonstrated a modest correlation of the difference in FFR between the two systems with OCT-derived MLA and a weak correlation with OCT lesion length.
The extent of the differences between mc-FFR and pw-FFR
Previous studies comparing mc-FFR with pw-FFR consistently demonstrated a trend for overestimation of lesion severity with mc-FFR being significantly lower than pw-FFR with a range of 0.02-0.03 (Supplementary table) [1] [2] [3] [4] . The present study demonstrated a difference in FFR between the two measurements of 0.04 being numerically large, as compared with the previous trials. The present study included lesions with small vessel diameter and severe stenosis compared with previous trials ( Supplementary table) . Given an inverse correlation of OCT-derived MLA with the difference in FFR, the relatively small lumen area in the current study may account for the large difference in FFR. In daily clinical practice, a difference in FFR of 0.03 is often recognized as nonsignificant and is generally overlooked in the assessment of a pressure signal drift. In our study, a clinically significant difference in FFR of >0.03 was generated in a lesion with OCT-derived MLA of <1.36 mm 2 , which was below the ischemic cut-off point of 1.72 mm 2 , as well as in a lesion with mc-FFR of <0.70, which was also below the ischemic mc-FFR cut-off point of 0.73 (Fig. 2) , then falling outside of a range of clinical decision. Therefore, the difference in FFR between the two systems may have minimal impacts on clinical decision-making.
Limitations
This study has some limitations. First, this study included a small number of patients in a single center. The mc-FFR cut-off values generated from this study and their utility require external validation in a large cohort. Second, despite a prospective study, patients and lesions were inconsecutively selected at the discretion of treating physician, leading to potential selection bias. Third, a continuous relationship of pw-FFR with subsequent clinical outcomes established in previous studies [10, 11] could not be applied in the microcatheter system, given the greater differences between mc-FFR and pw-FFR in the smaller lumen area. Forth, a minor difference in pressure sensor positions between pw-FFR and mc-FFR might have caused the difference in FFR values. Lastly, a multimodality evaluation by using mc-FFR, pw-FFR and OCT in this study cannot be applied to clinical practice in terms of costeffectiveness. 
Conclusions
In conclusion, the microcatheter system is clinically as useful as conventional pressure wire system when the specific thresholds are applied for ischemia (mc-FFR 0.73) and coronary revascularization (mc-FFR !0.79), respectively.
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